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1. OBJECTIVE AND SUMMARY

The objective of years 4 and 5 of this project (1992 and 1993) is to determine

experimentally the behavior and operating characteristics of a controllable mechanical seal, and

to identify potential problem areas. A controllable mechanical seal is one in which the thickness

of the lubricating film separating the sealing surfaces is adjustable, and can be controlled by an

electronic control system, based on information supplied by sensors that monitor the condition
of the film.

This work builds upon work done during years 1 -3, in which a controllable mechanical

seal was designed, analyzed and fabricated. At the beginning of year 4, the mechanical seal and

test rig had been assembled, and preliminary testing had begun.

2. RESULTS OF GRANT TO DATE

The five major tasks of years 4 and 5 encompass instrumentation, configuration changes

of the mechanical seal to optimize its performance, systematic steady state tests, systematic

transient tests, and a final report. During this reporting period, significant progress has been

made on instrumenting the test rig and modifying the design to optimize the seal's performance.

Initial steady state tests have also been performed.

Task 1. Instrumentation

A. Face Temperature

The conditions of the lubricating film are monitored in terms of the face temperature.

The latter is measured by thermocouples, which are located in the carbon faces on each side of

the seal. The thermocouples have been installed and initial steady state tests indicate that they

are working properly (see Steady State Tests).

B. Leakage Rate

The helium inlet to the seal has been instrumented with a rotameter. The rotameter was

field calibrated by collecting the helium in an inverted beaker for specified amounts of time.

The rotameter is capable of measuring leakage rates up to 3500 ml/min. It may be necessary

to install a flowmeter capable of measuring a larger range of leakage rates (see Steady State

Tests).

C. Pressure

The pressure of the helium entering the seal is measured with a pressure gage in line with

the helium flowline. The pressure gage has been installed and is working properly.



D. Voltage

The voltageappliedto thepiezoelectricelementis currently measuredwith a volt meter
locatedon thefront panelof thepower supply. The volt meteron thepower supplywasfound
to be in good agreementwith a hand held voltmeter. Two additional power suppliesare
currentlybeingpurchased,which can be interfaced with a data acquisition card to give a remote

readout of voltage.

[?i:
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E. Rotational Speed

The rotational speed is currently being measured with a small (1.5-3.0 volt) D.C. motor,

which is attached to the shaft of the test rig. The D.C. motor acts as a generator and puts out

a voltage proportional to the rotational speed of the test rig. The motor was calibrated with a

handheld optical tachometer.

F. Data Acquisition

A PC-based data acquisition card has been acquired. This will be used to continuously

monitor the face temperature, voltage applied to the piezoelectric dement and rotational speed.

Task 2. Configuration Changes

A. Electrical Insulation

At the completion of year 3, static pressure tests were performed with the test rig, and

it was found that the seal leaked through the o-rings located between the deformable face

assembly (the carbon face and piezoelectric element) and holder (see Figure 1). This was caused

by the large tolerances produced by the epoxy coating on the outside radius of the piezoelectric

element. The epoxy coating was necessary to prevent electrical breakdown between the

piezoelectric element and the stainless steel holder.

The holders were remade from a nonconductive plastic, acetyl copolymer, which is

commonly referred to by its tradename delrin. This material was not intended for use in the

final design, but rather was an economical design change to demonstrate proof of principle, that

the leakage in the seal can be controlled by adjusting the voltage applied to the deformable face

assembly. This eliminated the need for the epoxy coating on the deformable face assembly and

provided a smooth sealing surface on the outside radius of the piezoelectric element. Plastic

bushings were also machined and placed on the deformable face assembly to prevent electrical

breakdown between the inside radius of the piezoelectric element and the steel shaft (see Figure

1).

When the new holders were in place the seal was again pressure tested and was found

not to leak. In addition the deformable face assemblies sustained voltage levels up to 3000 volts

with no electrical breakdown. Steady state tests were performed (see Steady State Tests), and



it wasfound that the leakagein the sealcouldbecontrolledby adjustingthe voltageappliedto
the deformablefaceassembly. However, a major disadvantageof theplastic holderswas that
theyhavevery low thermalconductivity, which causesthe sealfacesto retain heat.

To remedythis, theholdersarebeingremadefrom combatboron nitride, which has the

properties of high dielectric strength and high thermal conductivity. This will allow the

deformable face assembly to sustain high voltages while providing better heat dissipation. The

new holders are currently being fabricacated.

B. Balance Ratio and Spring Force

The balance ratio for the initial design was 0.65, which was somewhat low. With this

balance ratio a relatively large spring force (provided with wave spring washers) was required

to produce the necessary closing force. A large spring force is not desirable because of the high

manufacturing tolerances for springs. These tolerances could lead to large changes in the closing

force, which would adversely affect the performance to the seal.

To address this, the balance ratio has been changed to 0.75 and the wave springs have

been replaced by six coil springs for each side of the seal. With the larger balance ratio, the

spring force is significantly reduced, which will accordingly reduce the variation in the closing

force produced by the manufacturing tolerances in the springs.

C. Piezoelectric Geometry and Deformation Mode

Bench tests were performed with the deformable face assembly to determine the amount

of coning produced by the voltage applied to the piezoelectric element. Figure 2 presents results

from one of these tests. The range of coning produced was from -2.5 to +3 microns for a

voltage range of -2500 to +2000 volts. This range of coning should be sufficient to provide the

required range of film thickness for the controllable seal.

Task 3. Syste, natic Steady State Tests

Systematic steady state tests were initiated to determine the leakage in the seal as a

function of the voltage applied to the deformable face assembly. Static tests were performed

while the seal was not rotating and dynamic tests were performed while it was rotating at

approximately 20,000 rpm.

Figure 3 presents leakage versus voltage for the static test. This figure indicates that the

leakage can be controlled by adjusting the voltage applied to the deformable face assembly. The

range of leakage obtained in this test was from 0 ml/min to leakages greater than 3500 ml/min.

The maximum leakage that can be measured by the rotameter is 3500 ml/min.

Figure 4 presents film thickness versus voltage in which the film thicknesses correspond

to the leakage rates in Figure 3. To compute the film thickness it was assumed that each side



of the seal had the same film thickness and that the nondimensional coning was 0.25. This

figure indicates that f'dm thicknesses can be obtained from 0 um to greater than 3.0 um.

Figure 5 presents leakage versus voltage for the dynamic test. The rotational speed was

approximately 20,000 rpm. This figure indicates that the leakage in the seal can be controlled

by adjusting the voltage applied to the deformable face assembly while the seal is rotating.

Figure 6 presents film thickness versus voltage for the rotating test. This figure shows that the

lubricating film can be adjusted to values larger than 3 um (however the rotameter goes off scale

for film thicknesses greater than 3 urn). The lower limit for the film thickness was

approximately 2.2 um. The seal was not adjusted to run at lower film thicknesses because of

the high temperatures, which were produced due to the low thermal conductivity of the plastic

holder.

Figure 7 presents the temperature of the seal versus time. Also presented on the right-

hand axis is the film thickness. The face temperature continually increased during the test with

no major reduction in temperature as the film thickness was increased. This is presumed to be

due to the poor thermal conductivity of the plastic holder. To address this the holders are being

remade from a thermally conductive ceramic (see Configuration Changes).

3. PRESENTATIONS/PUBLICATIONS

During this reporting period the following presentations/publications were generated:

Wolf,P. and Salant, R.F., "Design and Analysis of a Controllable Mechanical Seal for

Aerospace Applications," Fourth International Symposium on Transport Phenomena and

Dynamics of Rotating Machinery, Honolulu, Hawaii, 1992.

Salant, R.F., "Maintaining Full Film Lubrication in Mechanical Seals by Means of

Electronic Control," Tribologia, Finnish lournal of Tribology, vol. 11, no. 2, pp. 122-129,

1992, and Fifth Nordic Symposium on Tribology, Helsinki, Finland, 1992.

Copies of these papers are attached to this report.
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GFtIGJNALPP,',_EIS
OF POOR QUAL!TY

n_SIG_ AND AMAL_ OF A
A_IOSPACE A_PLACATIO_

_ Wo_ _k_ardF._

CONTROLIA]ILE J_.X_C_L _ lOit

A ccnu,ollab]e mechanical sesl for Krospace _Dplicafiom hasbeen deified and m_lyzed. _
cc_u'ol of the film thickness b _.hieved by ccnu_mng the seal face coning with a piezoe.lec_
actuatm'.An anal_cal model has been used u_evalua= the effec_ of tlz closing force,

¢oni_, on _h¢ pe_ormance oft_ seal The res'ul_sgeoeraU_ by _ mode/ind/mu_ _ an
actively conwolled mechan/_ seal for aerospace app_ is feasible.

INTRODUCTION

A_hou_ mechsni_ _ ]_ve v=y low _ rmm, _eir me i_ d= _ _ i_
_, due to their reduced re.liabilit7 8 compared w fixed _ _ The
_liabili_y b causedby repeated incidents of f_ce contact, nm_11ingfi_m • breakdown of the
l_g _ _ _ thesealf_s.

PRECEDING PA_E BLA;4K I'_OT FILMED
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1. _ _ Assembly

ma.intxin_ a mi._imxlfilm Ihicknem.If, _ 1my _ae,, d_e oa_ of_ _is _, the
voltale is immediamly incmsed to Irevent su'_ aoma_ At a hm. time, the voltage/s tzain

DESIGN C0hTffFRAIh_S

In a LOX _, contact between the LOX and hot uubi_ gases is lacvemed with a mfim
of seals which includes the helium pux3e assembly, F_rare I. _ helium is iata,hx_
near tl_ midlx_t of the tm'boFamp. The high laessare helium prevents _mac_ txxwem _
lower _ LOX _d hot g_. C_r_tl.y, _ _alg s_ls, havLng _y high lm.k_e

tales, axe _ in the helium IXa'geassembly, as shown in F'qBa'¢I. The object of th/s project
is to zeplace those seals with control1_le mechanical seals to x'educe he.lium Imlmge and
ma_minhi_ rP.Ziabimy.

The size and _ conditions ofa L0X uabopump impose mere ccemraina oe the dmign
ofa_ seal.The dimmsions of the seal _are 3.81 cmin thea:_tl dixect_ and
1.27 cm f_xa tl_ outsii_ md_ of tlt II/'t iD tim oatsil nat_ aft/_ These
dimensionsare¢oa,_dezably_ thaa _ of previous_y _ mli. The
tnd low pressure g,_s of the seal m'e at 1.341 x I0' Fa and 1.10 x 10 s Pit, _y.

Temperatu_ thtt 8fleet the seal design i_dmSe the _ of tbe hot 81s ,,,_ lnlh_ _
(469 L-),_ _ of _ u:)x and_ dn,in(123L').mi thetmiz_.m d t/
_im m t_ ]_h W,._._v_side CaM X").Ti mmul 6_'m_m mxZxzd _ th_
_ Oadieatshwe a _ effectm tl ¢eeialde_-mfiaesoftherealfactoand
ia_m_e the_ ofthemL 1"m sha__ th_mrbolm_ atom art speedd 7,330
rld/_.

SEAL C01qFIOUIh_TIOIq

as showninF_pa'e2. It is comlaimdof om roer andtwo _ Ikm/nl ampmma.
F.ach flouing _ axtsim _ i defumlle face assmably, a hald_, a wave wri_ wuher
andtwo o-tinss. Ther, ud_siSn hu beem_ thamS_m imati_ procemof dmiSu,
analys/s(seehem smim), andredmiSa.

m



MA_TICAL MGD_-

ORIGINAL P/J,O,EI_
.OF POCR QUAI._'_

eL _., 19F);Wolff, 1991):imdy m, _ fluid film, _ _I/_a,

_, _ no _ film _. Uda¢ _ _, a _¢,dimczdoml _imdoa for
tl_ _ _ b obtaiaed,

l
P'=[_'-ln(l*8"a'(r'-l)) .(1-8"a')( ,, -I)

1+8"a'(r'-1)

+(l-s'a_( 1 -l)Yl_:-l_l ÷8"a'(r:- 1))
2 [1+b'a'(r'-l)] _

*O-8",')( 1 -1). 0-8",'?( 1
1+8"a'(r_-1) 2

-x)]
[1

or)

O_ce tl_ _ (a', r.') of tic seal is_, the_ dism'buEon_ onlyon _',
tlz _onal conic. ,_ _" _, ttz _ _ _ _ _o_v¢_,
which msul_ in a large_ opiningforce. For a IOve_eJodng fro'm, _e is a uniq_ valm of B"
0rio _I_ i_oduc_ an eq_.l openingfarm. Once_s v_ is f-cxn_,it is ms.tory m comlx_
_ dimm_on_l coning_, to find _hesumdymU_ Rlm fl_.kness I_.

To ¢ompu_ _, o_ must_ tlmd_ommdons ofth_seal_ due _oImmsmz
kindS, the=_ mmsm, 8ha vo_e am>_ m t_ l_zo_cu-_ acumm_. This is dooe ud_
tim fm_m e_n_ code ANSYS. As _ m llm_._m_ _ I_ vilco_Imt
gmcradon mm in _ fluid film b _pmsmd al,

wlm_ a limm_ radial profil_ is msnmd for l_ O_e tim _ lint _ mmb

_n addidcm m the v_cous hem _ nu_ the _enml boundar_ mndidom mo mu_ _
_ m t_ _x_e e_em_ mo_ m compu_ th_ _ d__ms o_ _ ml

m



.%

d _Im mict=m md ml _ mmlzamm m a=spmd to d_ olZ vslsm. # d,z
_ m _ sp=med =Jazz_ _ z/=im Xm mavaS_ If =, me _moedmz is
mpm_ ma azvazmm is aZiMd. _ve _ _ds m ,uZV_d _ mch azqzmim_
x'_ dDO0,3000, I000, SO0,=d 100_oi=. 'l'k m_du d:md=d from emcbnm ts_chJdethe m,,,_
dsk:k=u_]a_:ap, a:=_q, =_z_ e[=e_=_o= o(_ _ ==p===, _ _ _ _ ..
widen the flokl l]=.

oaz dz mm _/s _z_ me ]=Z_ n= mayt_ oba_ed by _ dz pmsum
Zn,mm m me seal ID, atom me micknm M the _n. Assumins a liumr n,d/al pmfi_ for h,
= _ _ rw me _ n_/s o_zz/ned,

, , A.

.... 1 1. 1 s ..
+_n,-pr,)_ .---- .--)+ ._ t-_-i--_s)J

L,=_ _,,.,, dF, v_...6 a (6)

The stiffness must be posi_ for stable real op==icc, and also mu= be lar_ moU_ to_"
fluctuzfico.q' in the film thickness due to sm_ changes in the closing force. For fixed

vzlu= of"d]=.,./do" z_ 8, the sea] _ inczeasesas _ incr_as=.

Tk con_ty of the seal is a m_sur_ of th_ _iv_ of the film _ _ chang_ in
vol_e, =d is _k_ed as,

4v d_Jv 8"dr
(-/)

ILESU_TS

OF POOR QUAUTY
PR[CEDING PAGE BLANK NOT FILMEP
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CONCLUSIONS

P

The nm,d_ immmted in thh study indica= that sn a_ively cmtrolied real for _ _ _

assembly of a LOX _ is feas_]e.. ]Reasonableh'nm_, oe the order of • few
miczom, can be obta.inedwith t.beproposedded_ l"ae zangeover which the _lm ddc.Enem=m
be varied, by applying voltage m the l_zoelec¢_ _umu_, is as _ as twelve mimtm.

The next phase of' this study, involving fabrication and _ tests, is now _y.
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MAINTAINING FULL FILM LUBRICATION IN

MECHANICAL SEAI._ BY MEANS OF ELECTRONIC

CONTROL

INTRODUCTION

Most modern mechanical sea,Is are designed to operate with full film lubrication

between the mating faces, under steady s_ate conditions at the design point. The

presence of a thin lubricating film, with a thickness on the order of a few microns,

minimizes wear and the occurrence of mechanical and thermaJ damage to the faces.

However, under mmsient and off-design conditions the lubricating film frequently

breaksdown,res_finginmechanicalcontactbetweenthefaces.To preventsuchface

contact, a new cltss of "conu'ollable" mechanical teals is under study and development

by severaJ researchers [1-4].

PRINCIPAL OF OPERATION

A typical convmflomd mechanica]_ is shown schematically in figure 1. The rotating

face is floating, and is free to move in the axial direction (within limits), while the

no_xating face is fixed axially. The flfickness of the lubricating film that _,_'ates the

faces is determined by tbe axial location of the flosting face, which is governed by the

122
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film thickness, which can be adjmmsdexplicidy. If conditions am such that the film it

too thick or too thin, it is nmdjma_ to iu optimum lhic_ while the _ is in

swcice. The film thickness could be oontnMled by contndling e/th_ the _ force

or the opening force. While some n_,eardgn matrol the fonn_ [2,4], the pro, rot

suthors htve found it it muc_ mo_ effia_ve to control Ihe gttter. Since the opening

force and the film thickne_ are m_ngly dependent on crating, control is achieved by

controlling the coning. This it accomplished by incorporating within the sml ,

piezoe/ectric actuator to deform medumically one of the faces m_ generate coning.

INDUSTRIAL AND AEROSPACE SEALS

Based on the concept described above, sevend controllable ma]s for industrial

applications (e.g., feedwatcr pumps) have been built and successfully tested. One such

sea] is schema_callyillustrated in fq_ure2, which shows | nominal 50 mm water sea]

with faces oon_ of stcllitc (rotating face) and carbon graphite (nonmmfing face).

The configuration is similar to that of a conventional seal, except the _ filce

bolder has been modified to allow s piezoelectric wtuator W be placed behind the

backside of the face. When a positive voltage is applied to the ,ctmttor, the

piezoelectric elements within the actuator expand, and exert a force on the backside of

the face. Since the outer diameter of the face is conrtmined from _ movement by

theholder,thisforceproducesfacedeformationconuibut/ng to positiveooning.The

largerthe_pliedvoltage,thelargertheconingand thethicketthefluidfilm.Thus,

by adjustingthevoltage,one can_ljus!thefilmthickness.

To determine the voltage to be applied to the actuator for optimum operation at any

given instant of time, information on the conditions in the fluid film and the sealed

cavity isrequired.Thesecondifio_ are monitored by • therng_mple imbeddedinthe

nonn_ting seal face, and • mcond ttgnncx:o_ie in the maled cavity. The outpuu of

these therngxx>uples are Iransmituxl W an electronic adaptivt om_tn_l _mml,

they are processed and used to generate • commanded actuator v_4tage, u specified by

an adaptive oontm,! strategy. Such • stnttegy searches for and nmintxisu sat oplimum
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FIGURE 3. Transient performance, conventional seal [I].
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HGURE 4. Transient pe.d'onnlnce, controllable indu_zial _ [l].
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FIGURE 5.Controllablemechanicalseal,scros_ce application.
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